Abstract. The possibility of creating high-energy materials with increased ecological purity of combustion products based on a mixed oxidizer (ammonium nitrate, ammonium perchlorate), and inorganic fuel (boron, diboride or aluminum polyboride) is shown.
Introduction
Increasing of the requirements for the environmental cleanliness of combustion products of high-energy materials required the development of fuel systems with a minimum content of chlorine compounds in gaseous combustion products. [7, 6] .
One of the directions of possible hydrogen chloride (HCl) reduction in combustion products of high-energy materials (HEM) is the replacement of the regular oxidizer of (ammonium perchlorate) with ammonium nitrate. However, nitrate formulations are characterized by a smaller unit impulse, a lower burning rate and longer fluid system ignition delay times. At present, mixed oxidizers (perchlorate and ammonium nitrate) and new metal combustibles, boron (B) and borides, mainly aluminum borides (AlB 2 and AlB 12 ) are used to increase the energy characteristics of the HEM. [4, 5, 8] .
In the literature, data on the optimal ratio of ammonium nitrate (NA) and ammonium perchlorate (PA) components in a mixed oxidant are not found, allowing a single impulse of nitrate HEM to be increased in the combustion products, at a minimum content of HCl, making it closer to the characteristics of perchlorate compounds. The literature also does not show the advantage of aluminum (Al) compared to boron and aluminum borides. [1, 2] .
The thermodynamic characteristics of HEM containing a mixed oxidant (NA + PA), where the maximum mass fraction of PA is 0.5 is estimated. Al and B, as well as AlB 2 and AlB 12 borides based on them, were considered as metallic combustibles.
The aim of the work is to find the optimal composition of a HEM with a single pulse of at least 2500 m/s and a minimum content of hydrogen chloride in gaseous combustion products based on the results of calculations of the thermodynamic characteristics.
Calculations were carried out for systems with an excess of an oxidizer coefficient equal to 0.5, containing 15% Al, B and borides AlB 2 and AlB 12 as metal fuel. The result of the work is the selection of the optimal compositions of the HEM for experimental research.
Results of thermodynamic calculations
In the work, the characteristics of 35 different HEM compositions were calculated using the "Astra-4" software complex [3] , differing in the composition of the mixed oxidant and the nature of the metallic combustible. Calculations of the effectiveness of the influence of the metallic fuel nature on the specific impulse are shown in Fig. 1 , as well as on the HCl content in the combustion products (Fig. 2) .
Here 1 is the efficiency of the influence of Al, 2 is the efficiency of the influence of B, 3 is the efficiency of the effect of AlB 2 , 4 is the efficiency of the influence of AlB 12 on the thermodynamic characteristics of the HEM. The efficiency coefficients K 1 and K 2 were calculated using the following formulas:
where K 1 is the efficiency of the metallic fuel effect on the specific impulse, I is the specific impulse of the metallized HEM, I 0 is the specific impulse of the nonmetallic systems, K 2 is the efficiency of the metallic fuel effect on the HCl content, C is the HCl content in the combustion products of metallized HEM, C 0 -content of HCl in combustion products of nonmetallic HEM.
The mass fraction of PCA in the mixed oxidant is It follows from Fig. 1 that the efficiency of metals is affected by the composition of the oxidizer of the fluid system, in such a manner for systems containing the initial ammonium perchlorate as an oxidizer, the efficiency of metals decreases in a number:
Al > AlB 2 > AlB 12 = B, And with an oxidizer-ammonium nitrate, the efficiency of metals varies in a series:
B > AlB 12 > AlB 2 > Al. The second regularity of the change in the efficiency of the metals effect is also valid for a BEM on a mixed oxidizer containing not more than 30% of PA. A further increase in the content of PA leads to a decrease in the effect of metals on the value of the specific impulse. One of the possible causes of changes in the efficiency of inorganic fuels is the temperature level in the combustion chamber (Table. 1). The effectiveness of the boron and borides influence increases when used in compositions with a combustion product temperature not exceeding 2500K.
It can be seen from Fig. 2 that the HCl content in the combustion products of the HEM is directly proportional to the amount of ammonium perchlorate in the mixed oxidant. Therefore, to solve the problem, the choice of a mixed oxidizer is limited by the content of ammonium perchlorate not more than 30%. It should be noted that the injection of the metal somewhat reduces the content of gaseous HCl in the combustion products in comparison with the nonmetallic compositions. A similar effect is probably due to the formation of chlorine-containing compounds with the metal AlOHCl 2 , AlCl 2 , and BCl 3 , BCl 2 , and others. The effect of lowering the HCl content is more pronounced when injected as a metallic combustible aluminum compared to the boron and borides.
Conclusion
Analysis of the calculated data showed that the greatest effect of metallic fuel injection both on the value of the specific impulse and on the content of HCl in combustion products is manifested for systems containing no more than 30% of PA in the mixed oxidant. The greatest decrease in HCl in combustion products occurs when the oxidizer contains 10% PA. It should be pointed out, that the effectiveness of the Al influence on the reduction of HCl in combustion products is just over than that of boron and borides AlB 2 and AlB 12 . The efficiency of boron and borides depends almost not at all on their composition. The calculated data allow us to estimate the interval of PA content in a mixed oxidant and to choose the fluid systems for the experimental study.
